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Abstract of Dissertation Presented to the Graduate School
of the University of Florida in Partial Fulfillment of the

Requirements for the Degree of Doctor of Philosophy

MODELING THE TEMPERATURE DEPENDENCE OF THE
SILICON-ON-INSULATOR MOSFET FOR HIGH-TEMPERATURE APPLICATIONS

By

DEOK-SU JEON

December, 1990

Chairman: Dr. D. E. Burk
Major Department: Electrical Engineering

This dissertation concerns the physical modeling of

temperature-dependent parameters in silicon-on-insulator

(SOI) MOSFET device characteristics for high-temperature

applications. A new model for the SOI MOSFET that accounts

for the temperature dependences has been developed. The

temperature dependences include the variation in threshold

voltage which depends on the back-gate bias and body-film

thickness, the increase of leakage current with temperature,

the channel mobility degradation at high temperature, and the

reduction in the kink effect in the output current-voltage

characteristics at high temperature. A new

temperature-dependent model for electron channel mobility is

also developed, which accounts for dependences of electron

channel mobility limited by three dominant scattering

V



mechanisms for the carrier transport in the MOSFET channel on

temperature and on vertical electric field.

The developed models have been implemented in the

circuit simulator SPICE2. The effectiveness for circuit

simulation and the predictive capability of the models are

demonstrated through simulations of devices and circuits at

various temperatures and comparisons with measurements. The

simulation of high-temperature operation of a simple

smart-power integrated circuit which uses SOI CMOS as gate

drive circuits is also successfully performed. The simulation

is accomplished using SPICE2 extended to include the models

developed and an existing power-MOSFET model. The temperature

dependences of the device parameters for the power-MOSFET

model are also presented.
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CHAPTER 1

INTRODUCTION

Silicon device technology is now being employed to

interface computers to the physical world through sensors and

actuators. Much of the motivation for this derives from the

ability of silicon devices to merge signal processing

circuitry on the same chip with the transducer. This on-chip

electronics is increasingly important as sensors are being

applied in such area as automobile and jet engine control,

deep-well instrumentation, and nuclear power plant

diagnostics and safety monitoring [Bro87] . The integration of

appropriate electronics for these applications is limited by

the maximum operating temperature of the circuitry, which may

be well below that of the target environment. The range of

applications of solid-state sensors with signal processing

circuitry could be expanded if the circuit could operate

reliably at elevated temperatures. The use of

junction-isolated bulk CMOS at high temperature (T > 250°C) is

limited by large leakage current at the junctions and by

latchup which is triggered by junction leakage current.

Epi-CMOS, which uses epi-layer to improve latchup

susceptibility by reducing lateral resistance, does not allow

for much of an increase in the operating temperature [Bro89]

.
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Silicon-on-insulator (SOI) technology is a promising

alternative to bulk CMOS, although it still represents a

significantly more expensive 'process. The near perfect

isolation between devices in SOI as seen in Fig. 1.1

eliminates latchup, while allowing higher packing density.

Because there are no large junction areas in this technology,

the leakage current is much lower. The functionality of SOI

CMOS circuits at T = 300°C which is much higher than that for

bulk CMOS or epi-CMOS has already been observed [Kru88]

.

The current-voltage characteristics for the SOI MOSFET

depend on two major differences which do not exist in the

bulk MOSFET. The first of these is the effect of the

back-gate (substrate) bias VQbs the conduction of the

inversion region at the interface between the front gate

oxide and the silicon body film (will be called as "front

surface") [Lim85, Vee88]
.
(^he threshold voltage at the front

surface varys linearly with the body voltage Vbs^ or the

back gate bias Vcbs, depending on the magnitude of VGbs

[Lim83] ."^The second difference is the effect of the body-film

which is left as floating to eliminate the extra surface area

needed for the contact to the thin-film body. Holes (in

n-channel device) generated by impact ionization in the drain

region are attracted into the floating body, raising the

potential of the accumulation region at the back interface.

This causes an increase in the drain, current of the SOI
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Fig. 1.1 A typical

structure
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Silicon-on-insulator (SOI) CMOS
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MOSFET through the decrease of Vif, resulting in a kink in the

Id“Vds characteristics.

These two differences effect the device characteristics

of the SOI MOSFET at high temperatures. High-temperature

MOSFET operation depends on the temperature dependences of

several device parameters. The increase of intrinsic carrier

density with increasing temperature causes the threshold

voltage of the front channel to decrease, because of the

decrease of the Fermi potential in the neutral body with

increasing intrinsic carrier density. The threshold voltage

becomes very small at high temperature, so for proper

high-temperature device operation this reduction in VTf must

be considered in the device design. Because the intrinsic

carrier density increases with increasing temperature, the

relatively low-doped thin-film body of SOI MOSFET can be

intrinsic at some high temperature. To prevent this unwanted

situation, the body doping concentration must be carefully

chosen. The variation of threshold voltage with temperature

of the thin-film SOI MOSFET can be smaller than that of bulk

MOSFET. ^The difference in rate of variation of VTf is due to

the different rate of variation of electric field at the

front surface edge of the depletion region, Egf, which depends

on back gate bias condition and body film thickness. The

thin-film-depleted (TFD) mode of thin-film SOI MOSFET

[Lim83], where the back surface is depleted during the strong

inversion at the front surface, can result in a smaller

variation of Vif with temperature if the back gate bias is
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chosen so that the electric potential at the back surface is

much larger than zero.^

At higher temperatures, the leakage current at the

reverse biased body-drain junction and the depleted body film

becomes larger with increasing thermal generation. Because the

body-drain junction area of SOI MOSFET is smaller than that

of bulk device, the leakage current may be much smaller than

bulk device. However, this effect can be offset by a smaller

generation lifetime due to a larger defect density in SOI.

At high temperatures, the phonon scattering is a

dominant scattering mechanism for channel mobility [SunSO]

.

Therefore the channel mobility can be approximately

represented by the phonon-scattering-limited-mobility. The

degradation of channel mobility at high temperature due to

the increased scattering results in the reduction of drain

current, hence, the increase in switching delay.

The reduction in drain current, the increase of drain

saturation voltage due to threshold-voltage reduction and the

increased scattering at high temperatures cause the kink in

Id“Vds characteristics of SOI MOSFET having a floating body to

occur at larger drain bias, which can be advantageous.

There are some previous studies on the

temperature-dependent operation of the bulk MOSFET [Sho84,^

Hos85] and on the room-temperature operation of the SOI

MOSFET [Lim85, Vee88 ] However, there exists no model for the

SOI MOSFET that accounts for high-temperature effects. This

dissertation, then, is concerned with temperature dependences
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of the SOI MOSFET for high-temperature applications. It will

facilitate an understanding of the device characteristics of

the SOI MOSFET at high temperatures, the design of SOI

circuits for high-temperature applications, and the ways to

improve the device performance by informed device design. The

main contributions made in the work are:

(Jl)
the development of physical models for the

high-temperature operation of the SOI MOSFET;

(2) the development of a physically based

temperature-dependent channel mobility model;

\ the implementation of these models into the circuit

(4) the simulation of a simple smart-power IC using SOI CMOS

in the control circuitry.

In Chapter 2, a physically based temperature-dependent

channel mobility model is presented. This model accounts for

the dependence of the three dominant scattering mechanisms

for the carrier transport in the MOSFET channel on

temperature and on vertical electric field.

fin Chapter 3, the temperature dependences of the SOI

MOSFET device parameters are investigated. One of these is

the variation of threshold voltage with temperature as a

function of the variation in Fermi potential of body-film.

The VTf reduction with increasing temperature, which depends

on the back-gate bias, the body-film thickness and the body

doping concentration, is considered. The leakage current

mechanisms at the reverse-biased body drain junction and the

simulator SPICE2 [Nag75] ; and
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depleted film are investigated. The physical models are

implemented into the circuit simulator SPICE2 which contains

the room-temperature thin-film SOI MOSFET model [Vee88]

.

In Chapter 4
, the upgraded SPICE2 circuit simulator,

which includes temperature-dependent models presented in

Chapter 3, is used to simulate a simple smart-power IC at

300°C. The simulation of the power-MOSFET (vertical DMOST)

switch at 300°C utilizes a temperature-dependent subcircuit

model. Simulations of an SOI CMOS inverter and a 5-stage SOI

CMOS ring oscillator are done to demonstrate the ability of

the physical model proposed in Chapter 3 and the difference

of the high-temperature performance of SOI CMOS circiuts from

those at room temperature.

In Chapter 5 the main accomplishments of this

dissertation are summarized and suggestions of areas for

future work are made.

In Appendix A, the derivation of the regions where the

thermal generation rate is maximized in the reverse biased

p-n junction and in the depleted body film is presented.

In Appendix B, the implementation of channel mobility

model into the existing drain current model of the SOI MOSFET

[Vee88] is explained. Unlike the other models presented in

Chapter 3, the channel mobility model cannot be directly

implemented into the existing circuit model.



CHAPTER 2

CHANNEL MOBILITY MODEL

2 . 1 Introduction

The range of applications for MOSFET's has been expanded to

include operating temperatures other than room temperature in

order to exploit certain advantages for device operations

[Gae77, Sch84, Gil85, Han86, Kru88] . Because of scaled-down

dimensions, the inclusion of high field effects is required

in understanding of the device characteristics of MOSFETs . To

perform successful circuit or device simulations, a model for

channel mobilities with accurate functional dependencies on

temperature and on electric field is essential. A purely

physical model which doesn't require the extraction of

empirical parameters is most desirable. However, the channel

mobility as well as the bulk mobility can be complex

functions of the different scattering mechanisms and a purely

physical model might be too complicated for circuit and

device simulations

.

The physical modeling of channel mobility is complicated

further by the formation of energy subbands in the dimension

perpendicular to the channel [Lin88] . A detailed explanation

of the carrier distribution in these subbands and subband

energies and cross-sections as a function of temperature and

transverse electric field has been given recently by M. S.

8
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Lin [Lin88] . He shows by calculations based on the work of F.

Stern [Ste72] that at low temperatures (T :< 77 K) the

majority of carriers in the channel are in the lowest

subband. This subband has the smallest cross-section

perpendicular to the channel and, thus, the carriers are more

tightly confined at the silicon/silicon dioxide interface.

Their tight confinement results in mobility degradation

caused by oxide-charge scattering at low transverse fields

and surface roughness scattering at high fields. At around

room temperature (T = 300 K) and low fields the carrier

mobility is less affected by surface-roughness scattering as

more carriers are in the higher, wider subbands and phonon

scattering dominates. However, at high fields (8x10^ V/cm)

,

the subbands are separated further in energy and there are

more carriers in the lowest, shallower subband, so surface-

roughness scattering becomes important

.

Because of these complications, a physically based semi-

empirical model for channel mobility is needed for circuit

and device simulation. The empirical parameters in the model

should be minimal in number and simple to extract. The model

should depend on the two independent operating conditions,

temperature and transverse electric field, and possibly other

design parameters such as dopant concentration, oxide-charge

density, and surface roughness. Such models have been

proposed by Arora et al
. [Aro87] and Lombardi et al . [Lom88]

.

The model by Arora et al . is valid for low to high transverse

fields having inversion carrier concentrations of 10 ^^ cm"^ to
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10^^ cm“2 and for temperatures 77 K < T < 400K. The model by

Lombardi et al. is a general model which simplifies to the

bulk mobility when no channel is present and it includes the

effect of both the transverse and longitudinal electric

fields in the channel. It is valid over the same transverse

fields, but for temperatures 200 K < T < 400 K. These two

models [Aro87, Lom88] for channel mobilities are achieved by

employing the Mathiessen approach; they are the addition of

the reciprocal mobilities for phonon, oxide-charge and

surface-roughness scattering. These models depend explicitly

on dopant concentration and oxide-charge density and

implicitly on surface roughness and they both have four or

five empirical parameters which must be extracted.

We propose a semi-empirical model for channel mobilities

in the MOSFET inversion layer at low longitudinal (drain)

electric fields which contains the same scattering

mechanisms, but is more physically based than the above two

models. The functional dependencies of the different

scattering mechanisms on the temperature and transverse

electric field are more accurate and less empirical than

dependencies of the corresponding mechanisms in the above

models . The experimental determination of channel mobility

data for 77 K < T < 370 K and parameter extraction procedure

will be discussed. The proposed model is demonstrated to

adequately simulate the data. The implicit dependencies of

the extracted parameters on oxide charge density and surface

roughness at the Si-Si02 interface have the expected trends.
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The differences in the scattering mechanisms incorporated

into the proposed model and the model of Arora et al. are

exemplified by the resulting simulations of the experimental

data

.

2.2. The Model

A literature search has been conducted to identify the

transverse field and temperature dependence for different

scattering mechanisms which influence channel mobility. The

model which we propose assumes that the channel mobility is

the reciprocal sum of mobilities derived from these different

scattering mechanisms. The three dominant scattering

mechanisms are Coulomb, phonon, and surface-roughness

scattering [Sah72, SunSOb, And82] . Thus,

1 = ^ +
M- M-c |lph M-sr

(2.1)

where |l is the channel mobility, and |lcr M-ph^ and ligr are the

mobilities derived from Coulomb, phonon, and surface

roughness scattering, respectively.

The relative importance of these different scattering

mechanisms from 4.2 K < T < 300 K is clearly defined in the

data of Hall mobility as a function of inversion carrier

concentration for two samples having oxide charge density 8 x

lO^O cm"2 and 7.4 x lO^O cm"2 given in Fig. 47 of [And82]. To

clarify the discussion, a schematic of this figure is given

in Fig. 2.1. The channel mobility at 300 K is smaller than
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Fig. 2.1 A schematic for the dependence of channel mobility
on vertical electric field, as a function of
temperature. The regions where a specific
scattering mechanism is dominant are indicated in
the boxes

.
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that at low temperatures and less dependent on the roughness

of surface or oxide charge density. At these temperatures,

phonon scattering dominates at low and intermediate fields.

The channel mobility is much more dependent on oxide charge

and inversion layer carrier concentration at low temperatures

and peaks at intermediate transverse fields. At low inversion

layer carrier concentrations, the mobility increases as oxide

charge scattering decreases because of carrier screening. At

carrier concentrations above the peak, the mobility decreases

as surface roughness scattering predominates . The magnitude

of the mobility at the peak is very sensitive to oxide charge

density and temperature at the low end of this temperature

range and decreases in magnitude and sensitivity as the

temperature approaches 77 K. The mobility is very temperature

dependent at low inversion layer carrier concentration and

temperature-independent at high surface inversion carrier

concentrations

.

2.2.1 Coulomb-Scattering-limited Mobility

The temperature dependencies of Coulomb scattering are

different between the room temperature and the 77 K cases

[And82]. Coulomb-scattering-limited mobility is modeled

separately in the high temperature range (100 K < T < 370 K)

and the low temperature range (77 K < T < 100 K)

.

2. 2. 1.1 High Temperature Range
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The effect of Coulomb scattering at high temperatures is

small, since the carriers are moving faster and are therefore

scattered less by the Coulomb scatterers. However, it can't

be neglected because oxide charge contributes to the

scattering even at room temperature [Sah72, Sun80b]

.

Sah et . al
. [Sah72] has formulated the scattering of

electrons by surface oxide charges and by ionized impurities

by treating the random spatial fluctuations of charge density

as a perturbation. The theory is applied to a simple

two-dimensional model with a random Poisson distribution of

oxide charges, giving the Coulomb-scattering-limited mobility

[L oc -T.

Ni ( 2 . 2 )

where T is a temperature and Nj is the interface charge

density at the Si-Si02 interface. Following this result we

model |lc in the high temperature as

(2.3)

where ac is a parameter to be extracted.

2.2. 1.2 Low Temperature Range

The temperature dependence of |lc the low temperatures

is different from that at the high temperatures. The

discrepancy could be due to the fact that the screening

effect is appreciable at low temperatures. The increase in
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the kinetic energy of electrons with increasing temperature

tends to reduce the scattering and at the same time reduces

the screening effect. Therefore the actual temperature

dependence is determined by the relative importance of these

two effects.

Stern [Ste78] has found that the decrease in carrier

screening is much more important and it reduces the mobility

limited by Coulomb scattering. He [Ste80] calculates the

Coulomb scattering rate in the inversion layer using the full

dependence of the screening parameter qs on temperature T and

on wave-vector . He finds the Coulomb scattering rate

increases approximately linearly with temperature from zero

to about 40 K. He also finds the scattering rate is related

to the inversion layer carrier concentration Ns and it is

proportional to for a sample. These results are

supported by experiments of Cham and Wheeler [Cha80]

.

Kawaguchi et . al. [Kaw80] has measured the dependence of

mobility on the carrier concentration Ns at temperatures T =

1.5 - 70 K for high- and low-mobility MOSFETs . The

low-mobility samples have relatively large numbers of

interface charge (Coulomb scatterer) at the

semiconductor-insulator interface, while the high-mobility

samples have fewer Coulomb scatterers. They find from

measurement that the Coulomb scattering rate depends on Ng

such that [lc“^ Ng^-^ in low mobility samples which is in

agreement with Stern's theory. In high-mobility samples, the

rate is proportional to Ng^-^ in low Ng region.



16

Therefore, the Coulomb scattering mobility |lc the

low-temperature model is

- (2.4)

where a=l .6-2 depending on oxide charge density but it

should be a constant for the devices from the same process.

The effective electric field in the inversion layer Egff

is to be [SunSOb, Sab79, Mat74]

Eeff -
q t Ncjep

£s

(2.5)

where q is the electron charge and 8s is the permittivity of

silicon and N^jep is the depletion region charge density. So

assuming Ns » N^ep at strong inversion,

Eeff Ns
( 2 . 6 )

The Coulomb scattering limited mobility at low temperatures

is modeled as

Eeff
a

3c T (2.7)

where ac is a parameter to be extracted.

2.2.2 Phonon-scatterina-limited mobility
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2.2.2. 1 Low Temperature Range

Assuming that all the inversion layer electrons are in

the lowest subband ( the electric quantum limit), Kawaji

[Kaw69] modeled the mobility limited by acoustic phonon

scattering in the inversion layer at room temperature as,

T N 1/3 (2.8)

However, this result is not generally valid at room

temperature, where the carriers can undergo intervalley and

intersubband phonon scattering [Eza74]. Sah et al. [Sah72]

found that Kawaji 's result is valid for T < 100 K where only

surface acoustical phonons are important for the phonon

scattering. Therefore, the mobility limited by acoustic

phonon scattering at T < 100 K from (2.8) and (2.6) is

M-ph
1

T (2.9)

where ap is a parameter to be extracted.

2.2.2. 2 High Temperature Range

For intermediate inversion layer concentrations ( Ng =

0.5 - 5 X 10^2 cm"2) at room temperature, the channel mobility

has been observed to have dependence on Ng and T [Eza74],

M^ph
1

T" (2.10)
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where y = 3 - 6 and n = 1 - 1.5. The y and n depend on

crystallographic orientation of the surface chosen, but are

independent of the device fabrication processes. So for

devices with same orientation of the surface, n and y can be

fixed in the magnitude. If the carriers lie in the

fundamental subband and undergo intrasubband scattering only,

n = 1 and y = 3 [Kaw69, Eza74] as in (2.8) . The intervalley

and intersubband scatterings cause n to increase, while the

intersubband scattering tends to increase y. The magnitude of

the calculated |lph in the range of Ng = 0.5 - 5 x 10 ^^ cm“2 is

much larger than that of measured mobility at that range of

Ng [Eza74]

.

Stern [Ste80] found that mobility limited by

Coulomb scattering should be included in that range of Ng.

According to Ando et al. [And82] the best comparison of the

measured mobility at the room temperature with phonon

scattering theory could be made at the range of Ng = 2 - 5 x

10^2 cm“2

.

For T > 100 K, the model for phonon scattering limited

mobility |lph taken from (2.10) and (2.6) is

M-ph

T" Eeff^^^ ( 2 . 11 )

where n and y and initial estimate of ap are extracted at room

temperature and 2 x 10^2 < Ng < 5 x 10^2 cm“2

.

2-2.3. Surface-Rouahness-Scattering-limited Mobility
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Surface asperities at the Si-Si02 constitute a major

cause of scattering at high electron concentrations. The

dependence of the surface roughness scattering limited

mobility |lsr on Ng and N^ep [Har76, And77, Fer79, Mor79]is

given by

The surface roughness scattering is independent of

temperature [HarSO]. Surface roughness scattering is dominant

at high electric fields where Ng » Ndep • So by using (2.12)

and (2.6) the surface roughness scattering limited mobility

is modeled

where ag is a parameter to be extracted.

2.2.4 Proposed Mode]

For the high temperature range (100 K < T < 370 K) , the

total channel mobility model at low longitudinal (drain)

electric field from (2.3), (2.11), and (2.13) is

( 2 . 12 )

1

(2.14)

t
where ac, Up, n, and y are the parameters to be extracted.



20

For the low temperature range (77 K < T <100 K) , the

total mobility model which is consisted of ( 2 . 1 ), (2.9), and

(2.13) is

+ apTEeff^^^ + as Eeff") (2.15)

\Eeff“ /

where ac, ap, as, and a are the parameters to be extracted.

The cutoff temperature T = 100 K between the low and high

temperature range is consistent with the models for Coulomb

and phonon scattering.

2 . 3 The Experiments

The devices are from a standard bulk NMOS process and

have been fabricated on p-epi with junction isolated. They

have a gate oxide thickness tox == 25 nm with an oxide charge

density, a channel length L = 25 (im, and a width W = 50 fim

.

The gate electrode is n+ polysilicon and each device has a

body as well as a substrate contact

.

The temperature-dependent measurement is conducted with

an automated system consisting of an HP 9000 series 217 desk

top computer and HP 4145 device parameter analyzer and a

Delta Design temperature-controlled environment. The

effective channel mobilities and the threshold voltages are

determined using TECAP [Hew86]
, a device parameter extraction

program from Hewlett-Packard, with measurements of drain

current Id taken at small drain voltage Vos as a function of
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the gate bias with the source and body grounded. The

resistance external to effective channel region Rext

lateral diffusion of the drain and source AL is extracted

from the measured data following the method in the ref.

[Lau84]. The Levenberg-Marquart algorithm [Pre86] for the

nonlinear fitting routines is used for the extraction of

model parameters.

In the linear region of the MOSFET characteristic at

small Vds (<«l)b) [Sze81],

(2.16)

where (t)b
= kT/q*ln (Ngub/rii ) / Cqx = £ox/tox- When the effect of

the external resistance Rext and lateral diffusion Al is

considered , then

~ ^ M-eff Cox (vgs “ ^TH
“

Ij ^ 2.

VdsId = - ^eff Cox
Xj

^DS ^DS,ext ^ext (2 . 17)

(2.18)

i>eff L Al (2.19)
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where Lgff is the effective channel length and L is channel

length on the mask [Lau84]. Substituting (2.17), (2.18), and

(2.19) into (2.16), we get

w

In = (l - Al)
[ieff Cox IVGS.ext " Vth ~ Vos, ext

1 + W

(l - Al)
M-eff Cox Rext VGS,ext “ ~

V,DS, ext
( 2 . 20 )

From (2.20), the effective mobility is derived as

M^ef f

w

(l - Al)
Cox IVGs.ext - Vth “ IV, _ R _ Vps

DS,ext ^ext _
2

( 2 . 21 )

With the measured Id, extracted Rext Al, we can calculate

the effective mobility from (2.21) . The gate voltage at which

the value of Id in (2.16) is zero is found by extrapolating

the tangent at the point of the inflection in the Id~Vds curve

to zero current. The threshold voltage V^h is determined by

subtracting Vds/ 2 from the gate voltage. The inversion layer

carrier concentration Ng is found from the product of gate

oxide capacitance Cqx ^nd (Vqs ~ Vth) and the effective

electric field in the inversion layer Egff is calculated from

(2.5) .

2 .

4

The Parameter Extraction
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During the parameter extraction, specif ic ranges in

temperature and transverse electric field are defined where

phonon and surface roughness scattering dominate. First, the

parameters for phonon scattering in the high temperature

range (in (2.11)) are extracted from the experimental

mobility data determined as described in the previous

section. The powers n and 1/y and an initial estimate for a 2

are determined by curve fitting to the room temperature . data

taken at intermediate transverse electric fields (2 x 10^^

cm“2 < Ng < 5 X 10^2 cm“2) . This temperature is chosen to be

in agreement with the assumptions by Ezawa et al . [Eza74]

from which the phonon scattering model in the high

temperature range is taken. The powers n and 1/y will be fixed

at these extracted values for the remainder of the extraction

process in the high temperature range, but the value for ap

will be further optimized along with a^ ( in (2.3) or (2.7))

and ag (in (2.13)) . The initial estimate of ag for surface

roughness scattering is determined from fits to the

experimental mobility data at the lowest temperature (77 K)

and at high transverse electric field (Ng > 5 x 10 ^^ cm"2) . if

the measured data at T < 77 K is not available, the initial

estimate of ag can be derived from the measured data in Fig.

4 of Hartstein et al
. [HarSO] . Next, all three parameters a.c,

ap, and ag are optimized by fitting the experimental data

first in the high temperature range (T > 100 K) and then in

the low temperature range ( 77 K < T < 100 K) . In addition,

in the low temperature range, one more parameter a is
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extracted with initial estimate of 1.9 [SteSO] . The initial

estimate for all of these parameters is important for

obtaining the most physically meaningful fits to the data.

This will be discussed further in the next section.

The best fit between the experimental mobility and the

calculated mobility is obtained by minimizing the quantity

given by

with respect to the vector of parameters P to be optimized.

The (P) is the mobility calculated by the model ((2.1),

(2.3), (2.7), (2.9), (2.11), and (2.13)) and |l* is the

experimental mobility at the k-th data point. The nonlinear

least squares fit for the optimization of the model

parameters is performed using the Levenberg-Marquardt method

[Pre86] .

In Fig. 2.2, the simulated electron channel mobilities

for the proposed physically based model are given together

with the data for 77 K < T < 370 K. The rms error is less

than 4 % and the maximum absolute error is less than 10 %

over the entire data set

.

The values of the extracted

parameters used in these simulations are given in the

proposed model part of Table 2.1. The values for n and y

2 . 5 Results and Discussion
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Fig. 2.2 Experimental and simulated electron channel
mobility as a function of transverse electric field
and temperature for the test MOSFET.
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extracted at the 300 K are used for the high temperature

simulations and are similar to the values taken from the

literature [Eza74]. However, ac, ap,and as are derived from

optimization described in the previous section. Despite the

temperature-dependent optimization, ap and as are almost

independent of temperature. This can be seen from Table 2.1.

The initial estimate of ap is almost the same as the final

optimized value and as is roughly a factor of 2 different.

Because the changes in magnitude of ap and as are relatively

small, we conclude that the reciprocal addition of these

scattering mobilities is an acceptable assumption, and the

models which we use for phonon and surface roughness

scattering are generally accurate.

Some room temperature data taken from Sun and Plummer

[SunSOb] have been simulated using the proposed model to see

if this model is generally applicable and if the sensitivity

of the parameters ac and ag to the differences in oxide charge

density and surface roughness, respectively, is reasonable. A

good fit to the data is shown in the Fig. 2.3 (a) and (c) .

The parameter ac shown in Fig. 2.3 (b) which is extracted

from the data in Fig. 2 3(a) is roughly a linear function of

the oxide charge density as predicted by (2.2). The parameter

as (in (2.13)) extracted from Fig. 2.3 (c) also shows

expected trends. The device having the wet gate oxide has a

rougher surface than the device having a dry gate oxide

[SunBOb] . From the simulations, ag is much smaller for the

latter device. All parameters taken from this data have been
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Fig. 2.3 (a) Simulated and experimental electron channel
mobility at room temperature. The experimental
data with various values of surface oxide charge
density Qf and substrate doping concentration Na
= 9 X 10^^ cm“3 are taken from Sun and Plummer
[SunSOb]

.
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11 2
oxide charge density (xIO /cm)

The Coulomb scattering mobility parameter al of
the proposed model extracted from the
experimental data in Fig. 2(a) versus surface
oxide charge density Qf.

Fig. 2 3(b)
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Fig. 2 3(c) Simulated and experimental electron channel
mobility at room temperature. The experimental
data for MOSFETs with wet gate oxide or dry
gate oxide are taken from Sun and Plummer
[SunSOb]

.
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extracted assuming the n and y given in Table 2.1 for the high

temperature model because of the identical substrate

orientation (100)

.

In Fig. 2.4, the experimental data is presented together

with simulated data using the proposed model and the model of

Arora et al. [Aro87]. The discrepancy between the simulations

is attributed to differences in the models for the scattering

mechanisms and differences in the empiricism. Arora et al

.

assume that phonon scattering is the predominant mechanism

for T > 200 K, and they model the mobility as a function of

effective electric field by a commonly used empirical

formula. The effective electric field dependence of the

Coulomb scattering which arises from carrier screening is not

included in their low-temperature (T < 200 K) model. In

addition, the field dependence of surface roughness

scattering in their low-temperature model has a power m > 1

which is extracted. The rms error is 9 % and the maximum

absolute error is 25 % over the entire temperature range

between the experimental data and the simulated data from

Arora et al

.

The proposed model can be simplified by making an

assumption about phonon scattering at low temperatures. For

example, one assumption might be that phonon scattering can

be ignored below 100 K, because its effect is less important

than that of Coulomb and surface roughness scattering. The

resulting simulations which are as good as that of the

unsimplified model are given in Fig. 2.5. The model
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E^(((x10^V/cm)

Fig. 2.4 Simulated electron channel mobility as a function
of transverse electric field and temperature using
the extracted parameters in Table 2 . 1 for the Arora
et al.'s model [Aro87] and for the proposed model.
The experimental data are the same as in Fig. 2.2.
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Table 2 .

1

The extracted value of Model Parameters

Proposed model Simplified Model Arora et al.fAro87]

(lOOK < T < 370K) (200K < T < 370K) (200K < T < 370K)

ac = 6.68 X 10-8 ac = 3.84 X 10-3 Tr = 296K

ap = 1.82 X 10-8 ap = 1.80 X 10-8 ^lo(Tr) = 495.05

as = 3.27 X 10-18 as =4.25 X 10-18 0(Tr) = 6.91 X 10-7

n = 1.62 n = 1.62 n = 1.64

CTl00II Y= 4.89

(77K < T < lOOK) (77K < T < 200K) (77K < T < 200K)

ac = 6 . 38x10^ ac = 1.60 X 103 Tr = 296K

ap = 2 . 65x10-8 ap = 1.56 X 10-8 ^o(Tr) = 495.05

ag = 4 . 89x10-18 as = 3.54 X 10-18 01 = 1.58 X 10-12

a= 2.04 a = 2.00 02 = 9.90 X 10-3

n = 1.62 m = 2.57

Y= 4.89 n= 1.17

Simplification to

the proposed model

(77K < T < lOOK)

slq ~ 2 . 62

as = 6.21x10-18

a = 1.04
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Fig. 2.5 Experimental and simulated electron channel
mobility as a function of transverse electric field
at T = 77, 90 K. Simulations are done by simplified
model which only has Coulomb and surface roughness
scattering

( parameters are in lower part of the
first column of Table 2.1) and the proposed model.
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parameters are given in lower part of the proposed model of

Table 2.1. However this simplification is not physically

justified. Therefore another simplification might be obtained

by using the phonon scattering term with the same n and y

extracted at the high temperatures for the low temperature

phonon scattering. The simulations from this simplified model

are given in the Fig. 2.6 with the experimental data (see the

second column of the Table 2.1 for extracted parameters) . The

goodness of the fit is sufficient for T > 100 K, but is not

as good as the other simplification for T < 100 K.

2 . 6 Summary

A physically based semi-empirical model for electron

mobilities in the MOSFET inversion layers at low longitudinal

electric fields has been presented. The model is a reciprocal

sum of the same scattering mechanisms used in other models,

i.e. phonon, Coulomb, and surface roughness scattering.

However, it is more physically based than those models. The

functional dependencies of the different scattering

mechanisms on the temperature and transverse electric field

are more accurate and less empirical. Determination of the

experimental mobility data for 77 K < T < 370 K and parameter

extraction for the model has been outlined. The proposed

model has been demonstrated to adequately simulate the

experimental data. The implicit dependencies of the extracted

parameters on oxide charge density and surface roughness at
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Fig. 2.6 Experimental and simulated electron channel
mobility as a function of transverse electric field
and temperature. Simulations are done by simplified
model which has identical phonon scattering term
over the entire temperature range

( parameters are
in the second column of Table 2.1)

.
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the Si-Si02 interface give the expected trends. The

differences in the scattering mechanisms incorporated into

the proposed model and the model of Arora et al . [Aro87] is

exemplified by the resulting simulations of the experimental

data. Simplifications to the proposed model are also briefly

considered

.



CHAPTER 3

TEMPERATURE DEPENDENCE OF SOI MOSFET

3 . 1 Introduction

At high temperature, there are many changes in device

parameters from those at room temperature, ^hese are j/1) the

variation of the threshold voltage with temperature, /2) the

increase of leakage current due to increased thermal

generation of electron-hole pairs at high temperature, Jr3)

channel mobility degradation at high temperature, and jf4) the

reduction of generation due to impact ionization at high

temperature, etc. In general, the device characteristics

become degraded at high temperature except for the impact

ionization which is reduced at high temperature. The

reduction of impact ionization at high temperature makes the

kink in the Id~Vd characteristic to occur at higher drain bias

which is desirable^ However, thin-film SOI MOSFET is more

resistant to these degradations than bulk MOSFET because it

has less variation in threshold voltage and smaller leakage

current due to the smaller junction area and thin body film.

To account for these temperature dependences, models for

several device parameters are presented and these are

implemented into SPICE2 [Nag75] which has already included

the thin-film SOI MOSFET model for room temperature operation

[Vee88] . \Through measurements and simulations, the models are

37
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verified and predicts successfully temperature dependences

discussed ^

3 . 2 Temperature Dependence

3.2.1 Intrinsic Carrier Density

Temperature dependences of threshold voltage at front

channel and thermal generation current or recombination

current in the body-drain and body-source junctions are

directly related to the temperature dependence of intrinsic

carrier density. ni is given [SzeSl],

ni = 4.9 X 10 15 m„ m

m^

*\0.75

T^'^expinV 2kT/
(3.1)

/

where T is temperature in K, Eg is energy band gap, and k is

Boltzmann constant. The effective mass for electron m*n or

hole m*p is modeled in (3.2), (3.3) by the fit to the

experimental data of Barber [Bar71]

.

m* = mo (l.034 + 5.826xlO"^T - 2.826 x 10”'' T^) (3 ^)

= mo (
0.552 + l.lxlO'^T - 7.769 x lO'"^ T^)

^3 3 ^

The temperature dependence for the bandgap Eg in (3.4)

is taken from the result of Blaudau et al
. [Bla74].

Eg = 1.179 - 9.025 xlO'^ T - 3.050 x lO'"' T^
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V (^As can be seen in (3.1), the intrinsic carrier density

. . *Jincreases exponentially with increasing temperature.

Therefore, the channel doping density should be large enough

to be greater than ni over the whole range of operating

temperature in order for carrier concentration to be

controlled by doping rather than by thermal generation of

electron-hole pair'^

3.2.2 Threshold Voltage

The temperature dependence of threshold voltage of front

gate for possible three cases of device operation in SOI

MOSFET will be investigated and comparison of the variation

of threshold voltage with temperature between the cases will

be made. The three cases are TFA (back surface accumulation)

mode and TFD (back surface depletion) mode in thin-film

device in which the body-film is fully depleted at strong

inversion of front channel, and thick-film device case where

the body-film is thick, so it is never fully depleted at

strong inversion of front channel. The threshold voltage of

the front gate, Vif, for thin-film n-channel SOI MOSFET which

has long channel-length is given by Lim et al . [Lim85],

VTf = V^B + (l + a) 2<})b
^ Vbs

2 Cof Cof
(tfa)

~ VpB 20b - Qb

2 Cof

- a V,'GBS - V^B - 20b + Qb

2 Cob
(tfd)

(3.5)

vfpB or is front and back gate flat-band voltage, Cb 4
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£s/tb^ Cof is Eox/tof^ Cob is Eox/tob^ and Eg or £ox is

permittivity of Si or Si02, and tb^ tof
,

or tob is

thicknesses of the body film, the front or back gate oxide, (|)b

is Fermi potential of the neutral body film, Qb A -qNAtb, Cob

= £ox/tobf ^BS sad V^bs are body and back gate bias, and

a

'ob

_ Cob f Cb

Cof

(TFA)

(TFD)

(3.6)

For a n-channel SOI MOSFET which has a body-film too thick to

be fully depleted by any combination of gate biases, and,

consequently, has a partially depleted body, the threshold

voltage is given by that of bulk MOSFET [SzeSl],

Vif = vfe + 2(t>B + ^( .

^^3qNA(2(l)B - Vbs)
(thick-film) (3.7)

Before investigating temperature dependence of Vtf, let

us consider some points about threshold voltage at room

temperature. The magnitude of V-jf for TFA is always larger

than that for TFD and is equal to or larger than that for the

thick-film case, depending on the body-film thickness. These

differences in Vtf come from the difference in electric field

at the front surface edge of the depletion region Egf, as will

be discussed later_ The threshold voltage at the front gate
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VTf can be expressed as below when the source and body is

tied, i .e

.

Vbs = 0 V,

Vif =
\|/sf (= 2 (|)b) + V|/of (when \|/sf

=
2<j)B) + Oms /t q)

where \|/sf is front surface potential and = 2 ^^, \j/of is

potential drop across front gate oxide, and is work

function difference between front gate and body-film. In

(3.8), we will have the same \}/sf and value for the three

cases at threshold if we have the same thickness of front

gate oxide, the same front gate metal, and the same body

doping concentration. This is not the case for Yof? because

it depends on bias conditions at back gate and body-film

thickness . \|/of is related to Egf as below by the electric

field boundary condition between front gate oxide and

body-film, assuming no oxide charge and no inversion layer

charge.

Vof = £s Egf

Cof
(3.9)

Now, for the thin-film device, Egf^ taken from integration of

Poisson's equation across the film [Lim83], is

^ ¥sf - ¥sb
^ q Nft tb

tb 2 £s
(3.10)

where \|/sb is back surface potential . Egf of thick-film device
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at strong inversion is given by bulk MOSFET theory [SzeSl],

q Nft Xd(max) • • \

Esf = (thick-film at strong inversion) (3.11)

where xd(max) is maximum depletion width and is

(max)
J 4 £s <])b

V q Na
(3.12)

Now, from (3 . 8) - (3 . 11) , it is seen that the difference in Egf

is the reason for the different Vxf for the TEA, TED, and

thick-film case. In TEA case where back surface potential is

pinned to zero, Xj/gb — 0 arid Xj/gf = 2 ([)b, so from (3.10) at

strong inversion,

Esf = — (TEA at strong inversion) (3.13)
tb 2 £s

Erom (3.11), (3.13), when tjg = Xd(max)^ Egf for TEA at strong

inversion is the same as that of thick-film at strong

inversion. Therefore, Vt£ of TEA is the same as that of

thick film case when tb x<j^(rfiax) • When tb ^d(itiax) (it is a

normal situation;
) , VTf of TEA is larger than that of

thick-film device due to the larger Egf as can be seen in

(3.11) and (3.13) and as visualized in Eig. 3.1. In Eig. 3.1,

when tb < Xd(niax)/ the slope of the band edges Ec or Ev for TEA

is steeper than that of thick-film device because the band
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Fig. 3.1 Energy Band Diagram for (a) TFA (back
surface accumulation) case and (b) TFD
(back surface depletion) case of thin-film
device, and (c) thick-film device at strong
inversion of front channel.
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edges for TFA must be bent by same amount in a shorter

distance (tb) for front surface potential to become the same

vaule of 2(1)b as thick-film device. The slope of the band

bending is Egf multiplied by q. Note that as tb becomes

smaller, of TFA becomes larger due to the increase of Egf

as can be seen in (3.13) or in Fig. 3.1. In TFD case where

back surface potential \j/gb > 0, therefore with \|/gf = 2(1)b at

strong inversion, in (3.10) Egf is smaller than that of TFA

case as can be seen Fig. 3.1, so is Vt£ of TFD case.

The temperature dependence of VTf comes from the

temperature dependences of (])b, V^fb/ V^fb- For the temperature

dependence of (J>b,

The temperature dependences of V^fb and v'^fb attributed to

temperature dependences of the work function difference

between front or back gate and body film which is dependent

on <|)B . For n-channel device with the n"^ polysilicon front

gate which is usual for surface channel devices.

_ kT
q

(3.14)

- kX In kT Nft

q Hi q Hi (3.15)

- kT.
]_n

q Na
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where Ep (front gate)/ Ep (body) is Fermi level at the polysilicon

gate or body-film, respectively, and Ngate is the doping

concentration of the polysilicon gate. For n-channel device

with aluminum gate.

Oms = 4.1 - 4.05 +
2 q

+ (])e (3.16)

For the back gate of n-channel with n-type subtrate.

= _ ML In ^substrate _ ki
Hi

kT ^substrate

Nj
(3.17)

where Ngubstrate is doping concentration of substrate.

The expression for the variation in threshold voltage

with temperature can be obtained by taking derivatives of

(3.5) and (3.7) with respect to temperature. The results are

0V.

3t
Tf _ + 2 (1 . a)

3t dT
(tfa)

^5 + 2 + a
3t dT

d(])E
2

"is 30mS

dT 3t
(tfd) (3.18)

^ (2 + Na
I

I - I CIT
(thick-film)

'OX ’ YB

Now, from (3.15),
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= - Jl In
3t q Na

(3.19)

for the n+ poly Si gate, so the variation of flat-band

voltage of the poly Si gate with temperature is due to the

difference of doping concentration of the gate and body-film,

if these two is same from (3.13), becomes zero. From

(3.14)

,

3t <3 -fe
- JL.

Hi

3nj

8t
(3.20)

and 3(I)b/3t < 0, because 8ni/3T is an exponentially increasing

function of T as can be seen in (3.1)

.

Let us compare the variation of threshold voltage with

temperature between the three cases. From (3.8),

3Vxf _ 2 9([)b + + (3.21)
0T 0T 3t 3t

^

In (3.21), 0(1)b/3t and 3<I)f]yis/3T are the same for all cases if

they have same gate oxide thickness, same front gate

material, and same doping concentration for the body film. It

is 3yof/^T due to the difference of 3Esf/3T that causes 3VTf/3T

to be different among the cases. From (3.10) and (3.11),

0Esf/3T at strong inversion of front channel is given by.
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3Esf

3t

2

tb 0T
(TFA)

2 ^Vsb

tb 9t tb 9t
(TFD)

(3.22)

= — ^ (thick-film)
^d(max) 0rp

In (3.22), when Xd(max) =
, 3Esf/3T of TFA becomes equal to

9Egf/9T of thick-film case, so does 9VTf/9T of TFA. However,

normally Xd (max) > tb, therefore |0Esf/3T| of TFA > |9Esf/3T| of

thick-film case, so |9Vxf/3T| of TFA > |9VTf/9T| of thick-film

case. Note 9Egf/9T and 9VTf/3T have negative values. In TFD

mode \j/sb is given [Lim83]

^GbS

Vsb —
’^FB + +

tpb

Qb

2Cpb
(3.23)

From (3.23)

,

^¥sb
^ Cob ^Vsf
~

1 I

Cb 9t

^ ^sf
9t (3.24)

because normally Cb/Cob » 1. Now, from (3 . 22 ) , 3Esf/9t = 0 for

TFD, where \j/sf = 2(])b at threshold. Therefore |3VTf/3T| of TFD is
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the smallest of the three cases. In conclusion, differences

in 9VTf/3T between TFA, TFD, and thick-film case are due to

different temperature dependence of Esf . We can have the

smallest l9Vxf/3T| from the TFD case. These can be seen also

from (3.18) because a of TFA is very large while a of TFD is

small

.

The maximum depletion region width, xd (max) ^ which is in

(3.12), decreases with increasing temperature due to the

decrease of (|)b . Therefore, if the device is to operate in the

thin-film or fully depleted mode at high temperature, the

body thickness and body doping density have to be chosen

considering this fact. Otherwise, the device will be in the

thick-film or partially depleted mode at high temperature,

even if it can be operated in thin-film mode at room

temperature

.

3.2.3 Leakage Current

The leakage current due to thermal generation at the

reverse-biased body-drain junction and depleted body-film of

SOI MOSFET is temperature-dependent due tp the temperature

dependence of thermal generation and generation lifetime. The

leakage current due to thermal generation or impact

ionization flows through the source-body junction by

recombination. The recombination current is also

temperature-dependent due to the temperature dependence of

intrinsic carrier density and recombination lifetime. The

device structure considered has the source and drain
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diffusions bottomed at the underlying buried oxide layer as

seen in Fig . 1.1.

3. 2. 3.1 Thermal Generation Current

There are three important thermal generation current

component which will be considered. First, the current due to

thermal generation inside space charge region of the

reverse-biased body-drain junction. Second, the current due

to thermal generation at the edge of neutral body just

outside of space charge region of reverse-biased body-drain

junction. This current is called usually diffusion current.

Finally, the current due to thermal generation in the

depleted body-film.

Let us think about the first current component. This

current is given [SzeSl]

where Z is channel width. Xg is effective generation lifetime

inside space charge region of the reverse-biased body-drain

junction. Here Wi is a portion of space charge region where

the generation is maximum; outside of it the generation is

negligible. In Wi, p and n « ni and Wi is given [Cal72]

(3.25)

2 £s kT

Na

_ q Vbd

kT (3.26)



51

The second current component is due to thermal

generation at the edge of neutral body-film just outside of

the space charge region in the reverse-biased body-drain

junction. This current is usually called diffusion current

and expressed by ideal diode current equation. In a SOI

MOSFET which has thick body-film, this current always

contribues to leakage current. However, even in a SOI MOSFET

which has thin body-film, this current should be considered

because in the subthreshold when the body-film is not fully

depleted or in the off state of the device, there is

undepleted body-film region where thermal generation will

occur. The current which is governed by the ideal diode

current relation and which depends on the size of the

undepleted region in the body film, is expressed

where Dn is electron diffusivity, and Tr is recombination

lifetime in neutral body region which can be given by SRH

recombination theory because of the low doping density of

body film. Xd(L) is depletion region width at the drain end

of the channel.

The depletion region width Xd(y) is given [SzeSl]

Idiff - q ( 3 . 27 )

( 3 . 28 )
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where Vy(y) is potential difference between a point y along

the channel and the neutral body-film. The front surface

potential
([)s in (3.28) is approximated to be piecewisely

linear in Vcfs (see Fig. 3.2) using the relationship between

(t>s and Vgfs in the literature [BreSl], i.e.

<1>S

V,GfS - V

V.Tf

FB
2(^e for Vcfs < V.Tf

- 203 for Vofs ^ Vt£

(3.29)

Note in (3.2 9) when Vcfs = Vt£ , <t>s
= 2(1)b.

Now, let us thinlc about the current due to thermal

generation in the depleted body-film. In the depleted

body-film, there will be net generation of electron-hole

pairs and this generation will be temperature-dependent. The

generated electrons are swept to the drain and the generated

holes are attracted to the neutral region in the body,

therefore the current due to thermal generation in the

depleted body flows from drain to the body. This current is

formulated in a similar way to the current due to thermal

generation inside the space charge region and given

_ q ni /(Wi(0) + Wi(L))l ^ „
-Lgen.dep ~

^ ^ j

L Z
( 3 . 30 )

where L is channel length and tg is assumed to be the same as

the one in (3.25)

.

(0) and Wi(L) is a portion of depleted
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Fig. 3,2 Surface potential (J)s of n-channel MOSFET as a

piecewise-linear function of front gate voltage
VcfS-
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body-film where the thermal generation rate is maximum and

outside of it the rate is negligible at the source and drain

end of body-film, respectively. Therefore, (Wi(0) + Wi(L))L/2

is an approximated area (which can be triangular or

trapezoidal depending on the Wi(0)) inside the depleted

body-film where the thermal generation rate is maximum. Wi (y)

is given

Wi(y) = Xd(y)
- V^)

(thick-film)

V(t)s

_ £s

q Na
(vsf -

<t>B -Vy(y)) -

(thin-film)

-<fe))

(3.31)

where Vy(0) = -Vbs, Vy(L) = -Vbd. (For the derivation of

(3.31), see the Appendix A.)

3. 2. 3.

2

Recombination Current

The current due to thermal generation in the body-drain

junction and the depleted body-film and due to impact

ionization at the drain end flows from body to source by

recombination in the neutral body-film, inside the space

charge region of the source-body junction, or in the neutral

source because the body is floated in SOI MOSFET First, let

us investigate the current by the recombination inside the

space charge region of source-body junction. By SRH theory

which is applicable due to the low doping density of the
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body-film, this current is given [SzeSl]

-rec,scr — q ni Ws
expl

''r, scr

q ^Bs

2 kT
tb Z (3.32)

where Wgcr is space charge region width, and 'tr(scr) is

effective recombination lifetime inside the space charge

region of forward biased source-body junction. In (3.32), the

region where recombination rate is maximum inside the space

charge region is approximated by Wgcr.

There is another place where recombination occurs. It is

the neutral body region. The current by this recombination

can be expressed by ideal diode current equation. Now, the

size of the neutral body region must be considered, because

it depends on the gate bias and the thickness of body-film.

The current is given

I rec, body ^ (expjS-^) - l)(tb - Xd(0)) Z
Nft ' ' k T / I

(3.33)

where Xd(0) = Xd(y) when y = 0 and is recombination

lifetime in the undepleted body region which can be given by

SRH recombination theory because of the low doping density of

body film.

In the TFD case, the energy barrier between the source

and the body-film is so low that the holes easily diffuse to

the source and recombine with electrons there [Yos89]

.

This

can be a dominant factor for TFD . The current can be



56

expressed a minority-carrier recombination current in the

heavily doped region. Here the dominant recombimat ion

mechanism is Auger band-to-band recombination because the

source is heavily doped. This current can be given by Fossum

et al. [Fos81],

where No(eff) = effective doping density in the source,

Sp = surface recombination velocity for hole,

Dpo = hole diffusion constant at the interface between

front gate oxide and the body-film,

Wh = effective depth of the neutral source region,

Tt = hole transit trime, and

= average Auger hole lifetime.

3. 2. 3.

3

Temperature Dependence of Parameters

The temperature dependence of thermal generation current

and recombination current discussed so far is attributed to

those of ni, Dn, Tr, Tr(scr)^ %, Xd(y), Wgcr^ Wi, and Wi (y) .
The

temperature dependence of ni was already presented. The

temperature dependence of diffusivity Dn can be traced from

Einstein relation, Dn = |lnb kT/q, where |lnb is bulk electron

mobility which depends on temperature. Wgcr depends on (|)b(T) .

The recombination lifetime in the neutral body region, Xr

in (3.33) is equal to Xno of SRH theory under the assumptions

that excess carriers are in low-injection level and the trap
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energy level Et is equal to intrinsic Fermi level Ei . These

assumptions are reasonable for the normal SOI MOSFET. The

effective recombination lifetime in the space charge region,

'^r(scr), is 2VXno‘^po [Sze 81] . From SRH theory.

1

Vth Nt
(3.35)

where the subscripts x is n for electrons and is p for holes,

vth is the thermal velocity proportional to iTt, On and Op are

capture cross-sections for electrons and holes proportional

to T“2.7 [Tya83], respectively, and Nt is trap

density which is temperature-independent. Therefore, the

temperature dependence of Tno ^nd Tpo can be modeled using the

above relations as

'Cxo(T) = Xxo(300)(:^f
'300/ (3.36)

where for electrons, m = 2.2, and for holes, m = 2.8. The

temperature dependence of Xr(scr) can be obtained using

(3.36) ,

^r(scr) (f) — 2VXno ( f ) ^po (f

)

= 2Tno(300)
(3.37)

where Tno (300) is assumed to be equal to Tpo (300) .
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The generation lifetime Tg inside the space charge region

of reverse-biased body-drain junction is given by the result

of Schroder [Sch82], which is based on SRH recombination

theory,

cosh
(Et - Ej)

kT (3.38)

Here '^noV <7p-l/(VthNTVOn/ Op)
oc Therefore, tg is modeled

as

Tg = TaT^-^^COSh|^| (3.39)

where tg is a temperature independent parameter, tb = (Et

-E i) /k, and both tg and Tb are process dependent. Using

(3.25), we can extract Tg from the measurements of the thermal

generation current in the reverse-biased body-drain junction.

Then, from the extracted Tg, Ta and Tb are extracted using

(3.39). According to literature [Sch84] at room temperature,

the generation lifetime in the space charge region is about

10-50 times larger than recombination lifetime in neutral

region because the generation lifetime is very sensitive to

the energy level of the dominant trap as can be seen in

(3.36), but the recombination lifetime is not sensitive that

much. Therefore, by using this fact, Tno(300) can be set as a

fraction of Tg which is determined from measurements.

3.2.4 Channel Mobility
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At high temperature, channel mobility becomes smaller

due to the increase of scatterings as is seen in Chapter 2

.

It is surface phonon scattering that is dominant at high

temperature and depends strongly on temperature, therefore

makes channel mobility to be reduced. The effect of Coulomb

scattering on channel mobility is important at low

temperature, but is negligible at high temperature because of

increased carrier velocity. The surface roughness scattering

which becomes important at high electric field is less

important to thin-film SOI MOSFET in which the carriers

experience smaller vertical electric field than at bulk

MOSFET [Stu88, Yos89]

.

Therefore, channel mobility of

electron, |leff,n, high temperature can be modeled using the

surface phonon scattering term only as in (3.40) . (see

Chapter 2 on phonon scattering limited mobility.)

[lef f , n
1

1 .

ap T EgffY
(3.40)

where Eeff is the effective electric field, and ap, n, and y

are fitting parameters which can be extracted from the

room-temperature measurements

.

Eeff is a function of Egf in (3.10) or (3.11) . As

discussed earlier, Egf of TFD is smaller than that of TFA and

it can be smaller than that of thick-film device depending on

back gate bias or \(/gb- Therefore |ieff of TFD is also expected

to be larger than [leff of TFA and can be larger than that of
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thick-film device. The measurement results in the literature

[Yos88] confirm this.

3.2.5 Current due to Impact Ionization

The generation current due to weak impact ionization in

the thin-film SOI MOSFET can be expressed [Vee88]

Ici = (m - l) Ids
. (3.41)

M is the multiplication factor of electron current (in an

n-channel device), Ids is channel current. Now,

(m -l) = ^ (V|

Po

DS - V,DS (sat) )
exp - Pole

(Vds “ VDs(sat)).
(3.42;

where VDS(sat) is the drain saturation voltage and

1

' (3.43)

P is 1 for TFA, or 1 + Cb/ (Cb + Cob) for TFD . The amount of

generation current by impact ionization at fixed bias is

dependent on temperature because of following reasons. First,

channel current is temperature-dependent due to channel

mobility degradation and threshold voltage reduction at high

temperature as discussed in the previous sections. Therefore,

the change of channel current with temperature makes Iqi to

become dependent on temperature. Second, threshold voltage

Ic = tv
Cb P

2 Cof (l + cc)
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reduction at high temperature makes the drain saturation

voltage to become smaller, therefore M becomes

temperature-dependent as seen in (3.42) and so does Iqi •

Finally, mean free path of carriers decrease as temperature

increases because of increased scattering as discussed in

Chapter 2 . Therefore the number of carrier which has enough

energy to make impact ionization at electric field of same

strength becomes reduced at high temperature. This makes the

coefficients ao, Po in (3.42) to become changed with

temperature [SzeSl], which makes M and Iqi to become

temperature-dependent. The coefficients tto, Po in (3.42) are

from the impact ionization rate which is defined as number of

electron-hole pairs generated by impact ionization per unit

length of travel of an electron or hole [SzeSl] . From the

literature [Sel89]

,

the temperature dependence of tto and po

can be given

a„ = 7xl0'(0.57 + 0.43 (^)') (3.44)

Po = 1.23x10^(0.625 + 0.375
(^)) (3.45)

3 .

3

Discussions And Model Verification

To verify the temperature-dependent model and to show

trends, we have measured and simulated long-channel SOI

MOSFET. The temperature-dependent models are implemented in

the existing thin-film SOI MOSFET model [Vee88] for SPICE2

simulation. The test devices are n-channel MOSFETs built on



62

SIMOX substrates with a 0.25-[i.m silicon film thickness and an

underlying 0.45-|J.m silicon-dioxide layer thickness. They have

W = 50 ^.m, L = 25 |lm, and channel doping density, Na =

lO^’^/cm^. The source and drain diffusions of the devices are

bottomed into the buried oxide layer. Because of the higher

channel doping density, the devices with tb=0.25 |lm are

bulk-like (thick-film) devices and simulations of the devices

are done via the TFA case of the thin-film model with tb set

equal to the depletion-region width, x<i(inax), strong

inversion as suggested by Fossum et al . [Fos90] . The

measurements are done from room temperature up to 200°C which

is the measurement limit of the available test environment.

However, the simulations are done up to 300°C to show the

trends

.

3.3.1 Variation in Threshold Voltage

Measurements and simulations of threshold voltage of the

front channel Vxf of test devices at several body bias are

shown in Fig, 3.3. The test devices have thick body-film (

i.e, tb = 0.182 )lm for = 10^"^ cm"^ ), so the simulations of

Vt£ have been done by making tb = Xb(max) because Vif of

thick-film becomes equal to Vxf of TFA by doing that from

(3.11) and (3.13) .

The variation of Vxf with temperature for the cases of

TFA, TFD, and thick-film are different due to the different

0Esf/3T as discussed in section 3.2,2. The deviation of V^f at

high temperature from that at room temperature are shown in
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Fig. 3.4. For thick-film device, the measured Vxf values of

test devices in Fig. 3.3 are used, while for TFA and TFD of

thin-film devices simulations are made using same device

parameters extracted from test devices except for tb which is

chosen to be 0.07 |lm to insure the full depletion of body

film at high temperatures. In Fig. 3.4 |3VTf/9T| of TFD is the

smallest of the three cases, as expected.

Let's consider the effect of tb on |3VTf/3T| in TFA case.

As can be seen (3.22), for TFA as tb becomes smaller, 9Esf/3T

becomes smaller, so does l3VTf/9T|. This is shown from the

simulated results in Fig. 3.5. The three devices in Fig. 3.5

have same parameters except for tb. The device which has

smaller tb has steeper |9VTf/9T| slope in the figure as

expected and it has larger Vxf value as can be seen in (3.5)

and (3.8) .

From (3.20), it can be seen that 9<1)B/9t (in n-channel

device) depends on N^, therefore |9VTf/9T| is related to N^.

From (3.20), 9(|)B/9t is negative value because 9ni (T) /3t is

very large. Therefore when is large, |9({)B/9t| is small and

|9VTf/9T| is small. The simulated results of the Vxf variation

with temperature for the devices having different Na are

shown in Fig. 3.6 for TFA case and Fig. 3.7 for TFD case. In

both figures the devices having large Na show smaller Vxf

reduction with temperature increase as expected. In Fig. 3.6

and 3.7, Vxf is larger for devices having greater Na, of

course. Comparing the results in Fig. 3.6 and 3.7, it can be

seen that Vxf of TFA case in Fig. 3.6 decreases fast than that
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300 350 400 450 500

Temperature (K)

Measured and simulated threshold voltage of front
gate V^f with temperatures for devices with
thick-film body (tb = 0.25mm) and Ngub is lOi^cm"^.

Fig. 3.3
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300 400 500 600

Temperature (K)

Fig. 3.4 Comparison of variation in threshold voltage VTf
with temperatures for cases of TFA (tb = O.OVjlm),

TFD (tb = 0.07|i.m), and thick-film (tb = 0.25|lm) .

Nsub is 10^^ cm 3. VTf (300K) is used as a reference
point

.
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300 350 400 450 500

Temperature (K)

Fig. 3.5 Simulation of variation in threshold voltage of
front gate VTf with temperature for the TFA mode
devices having different body-film thickness, tb-
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300 350 400 450 500

Temperature (K)

Fig. 3.6 Simulation of variation in threshold voltage of
front gate VTf with temperatures for TFA mode
devices (tb = O.OS^lm) having different body doping
concentration Nsub-
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300 350 400 450 500

Temperature (K)

Fig. 3.7 Simulation of variation in threshold voltage of
front gate VTf with temperatures for TFD mode
devices (tb = 0.08|lm) having different body doping
concentration Nsub-
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of TFD in Fig. 3.7, as expected. However, the value of Vif in

those figures cannot be directly compared because different

values of device parameters have been used for the

simulations of devices in Fig. 3.6 and Fig. 3.7. In

conclusion, device having larger value has large Vjf and

has smaller |8VTf/3T| value.

3.3.2 Leakage Current

The measurements of the leakage current due to thermal

generation in the reverse-biased body-drain junction are made

using the measurement setup in Fig. 3.8 to extract the

generation lifetime in the space charge region Tg in (3.25)

.

In Fig. 3.8, Vd bias of +2 V is applied to drain to make the

body-drain junction to become reverse-biased. Body contact is

grounded. A large negative bias of -20 V is applied to back

gate to suppress leakage current in the back channel by

making the back channel accumulated. To separate the effect

of thermal generation in the depleted body film from that of

thermal generation in the reverse-biased body-drain junction,

a bias which is about the same size of the flat-band voltage

of the front channel is applied to the front gate in order to

prevent the depletion in the body under the front channel.

Using the measurement setup in Fig. 3.8, the measurements of

the current at each contact has been done and the results are

shown in Table 3.1. From Table 3.1, at T=75°C and T=100°C, the

current at the drain Id when Vqijs = -20 V is different from

that when Vq^s =0 V. However Ib doesn't change at either VQbs
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Fig. 3.8 Measurement setup for leakage current which flows
through the reverse-biased body-drain junction at
several high temperatures

.
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Table 3 .

1

Leakage current measured by the setup in Fig. 3.8

Temperature (°C) VcbS (V) Id (pA) Ib (pA)

75 -20 35.2 -30.1

0 96.2 -31.8

100 -20 105.6 -105.1

0 229.5 -107.6

125 -20 296 -283

0 308 -294

150 -20 771 -779

0 790 -813

175 -20 3660 -3600

0 3900 -3570

200 -20 17730 -7420

0 13890 -7510

50 -20 13.75 -9.15

0 13.6 -9.4
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bias and it is almost equal to Id when Vg^s = ~20 V. Therefore

Ib can be thought as reliable data of the leakage current

which flows through the reverse-biased body-drain junction.

The dependence of Id on Vqb might be due to the effect of

leakage in the back channel. At the range of 125°C :< T <

175°C, Id = Ib at Vq^s = 0 or -20 V , which doesn't depend on

Vqb- This might be due to the fact that the currents through

the body-drain junction become large, so the effect of the

back channel leakage can be ignored. At T = 200°C, Id » Ib

and this is because the reduction of the threshold voltage

makes the subthreshold current to flow in the channel. At T =

50°C Id > Ib regardless of Vgb and this might due to the great

influence of the leakage current in the back channel in this

temperature

.

Considering above discussion on the measurements of

leakage current, it seems proper to use Ib as Igen,scr ia

(3.25) for extraction of the generation lifetime in the

space charge region Tg. From (3.25),

_ q nj Wj tb Z

“-gen, scr
(3.46)

Now the proper range of temperature where (3.25) can be

applied must be chosen. The Ib data at Vds = 2 V, Vbs = 0 V,

^GfS = -0.8 V, VQbs = -20 V is plotted in Fig. 3.9 as a

function of temperature. In Fig. 3.9, the curves which are

proportional to ni and ni^ are also plotted for determination
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Fig. 3.9 Measured leakage current between reverse-biased
body-drain junction in 323 K (50°C) < T < 473 K

(200°C) . For temperatures above 423 K, the leakage
current is predominated by generation in the
undepleted body; for temperature below 423 K, it is
predominated by generation inside the space charge
region of the body-drain junction.
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of the range in which the Ib data follows the curve

proportional to ni . As is seen in Fig. 3.9, in the range of

50°C < T < 150°C, Ib data follows the curve proportional to

ni . The fact that Ib follows the curve ni in this temperature

range means that the leakage current is due to the thermal

generation inside the space charge region and this is in

agreement with the results of Nordquist et al . [Nor89].

According to that [Nor89] , below T = 150°C, the generation

current inside the space charge region which is proportional

ni is a dominant factor in leakage current through the

reverse-biased p-n junction, but, above T = 150°C the

generation current at the edge of neutral region ( diffusion

current ) is dominant. Therefore (3.45) is used in the range

of 50°C < T < 150°C to extract Tg using Ib as Igen,scr- The

Levenberg-Marquardt non-linear least square fit is applied to

the Tg value extracted by this way using the Tg model in

(3.39). The results give the parameters of (3.39), Ta = 5.434

X 10“^® and Tt, = 1.132 x 10 . Comparison between the

extracted Tg and the Tg calculated by (3.39) is made in Fig.

3.10. Reasonably good fit is obtained. Now, for the

simulation of the generation lifetime Tg^ (3.39) having Ta =

5.434 X 10”^^ and T5 = 1.132 x 10“^ will be used. From fits to

the leakage current in the subthreshold of SOI MOSFET,

^no(300) is set to be Tg(300)/1000 and this value is used in

the further simulation of device characteristics.

3.3.3 Channel Mobility
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Fig. 3.10 Generation lifetime inside space charge region of
body-drain junction, Xg extracted from measurement
of leakage current Ib in Fig. 3.8 and calculated by
(3.39)

.
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The channel mobility model in (2.15) of Chapter 2 can be

used as the model for channel mobility at high temperature

range. Meanwhile, at high temperature, the phonon scattering

limited mobility |lph in (2.11) is a dominant factor in channel

mobility, therefore |lph can represent the whole channel

mobility |lef f • Let us compare the results between using (2.15)

as |leff arid using p.ph as |leff- The model parameters for two

cases are shown in Table 3.2, which are extracted by

Levenberg-Marquardt non linear least square fit. Simulated

channel mobility data calculated by the parameters in Table

3.2 are shown in Fig. 3.11 along with the measured data. As

is seen in Fig. 3.11, there is little difference in the

goodness of fit between two cases, and using |lph as |leff is

accurate enough. Using |lph as jieff Las several advantages i.e.

there is no need for measurement at high temperature for

extraction of mobility parameters and only room temperature

measurement is enough and the number of parameter is reduced

from five to three. For the further simulation purposes, |lph

is used as |leff.

Because channel carriers of thin-film SOI MOSFET

experience smaller vertical electric field, the channel

mobility of the devices is much larger than that at bulk

MOSFET or thick-film SOI MOSFET [Stu88, Yos89]

.

Therefore the

drain current of thin-film SOI MOSFET is larger than that of

bulk MOSFET or thick-film SOI MOSFET. Comparison of Ip

between thin-film(tb = 0.08 ^irn) SOI MOSFET and

thick-film (tb=l, 2 )lm) SOI MOSFET is made and shown in Fig.
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Table 3.2

Electron channel mobility model parameters

M-eff ^ + ap T" + as E^tf
T

M-eff Mph
23

rpn 1/ySp J- ^eff

ac = 8.99 X 10-7

ap = 4.67 X 10-8 ap = 4.42 X 10-8

as = 3.91 X 10-18

n = 1.537 n = 1.537

Y= 6.25 Y= 6.25
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Fig. 3.11 Experimental electron channel mobility extracted
from the drain current measurement at small drain
bias and calculated electron channel mobility by
(2.15) and by (2.11) at T = 300, 373, 473 K.
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3.12. There is no proper test devices for thin-film case, so

Id of thin-film case is simulated. It is clear in Fig. 3.12

that Id of thin-film case is much larger than that of

thick-film case, even if the difference of channel mobility

is not the only reason for the difference Id
,

it made

significant difference [Stu88, Yos89] . Due to the difference

in magnitude of Esf between TFD and TFA, likewise we can

expect larger Id from TFD. The simulation results in Fig. 3.13

show this trend.

3.3.4 Current due to impact ionization

The generation current due to impact ionization becomes

smaller as temperature increases because of (1) the reduction

of channel current due to the mobility degradation and (2)

reduction of the multiplication factor M due to the decrease

of the saturation voltage and the impact ionization rate. The

decrease of saturation voltage is caused by the reduction of

threshold voltage at high temperature. The reduction of

impact ionization rate is due to the increased scattering at

high temperature. Measurements of the current through the

body contact Ib shows the decrease in current caused by

impact ionization. Simulation of Ib is performed and the

results show the right trends. At a fixed Vds/ but varying

VgS/ Ib is measured while a negative bias is applied between

body and source to insure that body-source junction remains

in reverse-biased and Ib flows through body contact. Note

here that Ib consists of not only the generation current due
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Fig, 3.12 Comparison of Id of thick-film device (measured) and
TFD mode thin-film (simulated) at Vgfs - Vt£ = 1 , 2,
3 V.
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Fig. 3.13 Comparison of simulated Id of TFD mode and TFA mode
of thin-film device at Vcfs - Vif = 1, 2, 3 V.
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to impact ionization but also the current due to thermal

generation in the depleted body and space charge region at

the body-drain junction. In Fig. 3.14, the measured and

simulated Ib are shown at T = 27, 100, 200°C. As expected, Ib

decreases as temperature increases. However, at T == 200°C, the

measured Ib is larger than that at T=27, 100°C. This is due to

the increased leakage current by thermal generation.

Simulated results do not show this because of the

underestimation the leakage current due to thermal

generation. The peaks of simulated Ib are shown at larger Vcfs

value. This is due to the inaccuracy of the simulation of the

Vxf . The simulation of device characteristic is done by

thin-film SOI MOSFET model [Vee88] where the temperature

dependences presented here are implemented. The simulation of

thick-film devices using the model can be done by making tb =

Xd,max in the TFA mode. This method results in little error in

simulation of threshold voltage when Vbs = 0 V, but when Vbs ^

0 V, the error becomes significant.

3.3.5 Current-Voltage Characteristics.

The test devices having Ngub = 10^^ cm“3 and tb = 0.25 |lm

are thick body-film case. The existing thin-film SOI MOSFET

model [Vee88] where the temperature-dependent models in this

chapter are added can not simulate the test devices because

the model is applicable to the thin body-film case.

Therefore, simulations for the test devices are made using an

alternative method which use TFA case of the thin-film model
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Fig. 3.14 Measured and simulated Ib at T = 21 , 100, 200°C.
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with tb set equal to the depletion region width, Xd(max)f

strong inversion [Fos90]

.

In Fig. 3.15, measured and simulated lD~VGfs

characteristics at T = 27°C, 100°C, 200°C are shown. From Fig.

3.15, the fitness of the simulated Vt£ to the measured Vt£ and

simulated Id to the measured Id is good. In Fig 3.16,

Comparison of measured and simulated lD~VGfs at different

temperatures is shown. Here, at small VGfs? Id at higher

temperature is larger because of the reduction of Vt£ .

However, at large VGfs^ Id at higher temperature is smaller

because of the channel mobility degradation. In Fig. 3.17 and

3.18, the measured and simulated lu'^Gfs data in Fig. 3.15 are

reformatted on a semilog scale in Id- It is shown that the

subthreshold leakage current increase as temperature

increases . The rate of leakage current increase becomes

larger at higher temperature. This is due to the fact that

the leakage current is proportional to ni^ at T > 150°C as

seen in section 3.3.2. The fitness of simulated leakage

current to the measurement is reasonably good and shows right

trends. In Fig. 3.17 and 3.18, the abrupt increase of Id

around VGfs =
'^Tf the flat Id at smaller VGfs results

of incompleteness of subthreshold current model.

The simulated Id~Vds characteristics of long-channel

devices with floating body at T = 27°C, 100°C, and 200°C are

shown in Fig. 3.19 along with the measured Id“Vds data. The

fitness of simulation to the measurement in the triode region

is reasonably good as already seen in lD~VGfs characteristics
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Fig. 3.15 (a) Simulated and measured lD~VGfs characteristics

at T = 27°C.
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Fig. 3.15 (b) Simulated and measured lo'VQfs characteristics
at T = 100°C.
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Fig. 3.15 (c) Simulated and measured lD~VGfs characteristics
at T = 200°C.
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Fig. 3.16 Measured and simulated lD~VGfs characteristics of a

long-channel SOI MOSFET at T = 27, 100, and 200°C.

Body contact is floating. For 300°C, simulated
characteristic is given.
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Fig. 3.17 (a) Simulated and measured Ip^Vcfs characteristics
at T = 27°C. (Id is in log scale.)
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Fig. 3.17(b) Simulated and measured lD~VQfs characteristics at

T = 100°C. (Id is in log scale.)
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Fig. 3.17 (c) Simulated and measured lD~VGfs characteristics
at T = 200°C. (Id is in log scale.)
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Fig. 3.18 Simulated and measured lo'Vgfs characteristics at T
— ^.l

f 100, 200°C when VQfs = 3.5 V. (Ip is in log
scale

.

)
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Fig. 3.19 (a) Simulated and measured Id~Vds characteristics at

T = 27°C when Vcfs =2, 3.5, 5V.



94

0 1 2 3 4 5

Vds(V)

Fig. 3.19 (b) Simulated and measured Id~Vds characteristics at

T = 100°C when Vcfs =2, 3.5, 5V.
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Fig. 3.19 (c) Simulated and measured Id~Vds characteristics at
T = 200°C when Vcfs = 2, 3.5, 5V.
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simulation in Fig. 3.15, but the simulation method using TFA

model with tb = Xd(max) the thick-film test devices causes

some discrepancy in the saturation current level. In the

thin-film SOI MOSFET, the saturation current is [Fos90]

-DS(sat) = W M-effCof

L 2(1 + Cb/Cof)
[Vcfs “ Vifp (3.47)

The saturation current in the bulk MOSFET is [BreSl]

Isat — ^ M'effCox [Vqs “ VT(sat)]
( 3 . 48 )

where VQfs and Cof in (3.47) is equal to Vq and Cqx in (3.48),

respectively, and Vxf in (3.47) is equal to VT(sat) in

(3. 48) when tb = Xd(max) • However, m in (3.48) 1/ (2+Cb/Cof ) in

(3.47)

, because for the test devices, m = 0.33 and

1/ (2+Cb/Cof) = 0.28. Therefore, the saturation current in

(3.48) is about 14 % larger than that in (3.47) . In Fig.

3.20, the simulated saturation current given by (3.47) with

tb = Xd(max) is about that much smaller than the measured one

given by (3.48).

The kink in the Id“Vds characteristics of SOI MOSFET

which has a floating body is caused by the decrease of

threshold voltage due to the increase in body potential. The

accumulation of holes generated due to impact ionization (in

n-channel device) raises the body potential. At higher

temperatures, the kink occurs at larger drain bias as seen in
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Vos (V)

Fig. 3.20 Measured and simulated Id~V'ds characteristics of a

long-channel SOI MOSFET at T = 27, 100, 200°C. Body
contact is floating. For 300°C, simulated
characteristic is given.
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Fig. 3.20, because the weak impact ionization decreases with

decreasing and (M-1) as can be seen in (3.41) . The

decrease of (M-1) is due to the increase of VDS(sat) snd

the impact ionization parameter. The VDS(sat) slightly

increases because the threshold voltage decreases with

increasing temperature. The decrease of drain current is due

to decrease of channel mobility. The simulated Vbs vs Vds at T

= 27, 100, 200°C in Fig. 3.21 is seen to show this trend.

3 . 4 Summary

Several temperature dependent models for device

parameters of long-channel SOI MOSFET have been presented. At

high temperature, the increase of intrinsic carrier density

causes the reduction of the front-channel threshold voltage

and the the increase of leakage current in the body-drain

junction due to the increased thermal generation in the

reverse-biased junction and in the depleted body film. The

channel mobility degradation at high temperature due to the

increased surface phonon scattering results in reduced drain

current . The decrease of drain current and the increase of

saturation voltage due to the reduction of threshold voltage

cause the reduction of generation by weak impact ionization

and hence, the shift in the kink effect to higher drain

biases. The models have been implemented in SPICE2. By the

physical nature of the models, it has been demonstrated for

predictive use in computer-aided device and circuit design.
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0 1 2 3 4 5

VdsW

Fig. 3.21 Simulated Vbs~Vds characteristics of a long-channel
SOI MOSFET at T = 27, 100, 200°C. Body contact is
floating

.



CHAPTER 4

SIMULATION OF SIMPLE CIRCUITS

4 . 1 Introduction

The simulation of a high-temperature operation of a CMOS

inverter which is a basic building block of CMOS circuitry is

performed to demonstrate the functionality of SOI CMOS at

high temperature and to show the usefulness of the

temperature-dependent SOI MOSFET model proposed in Chapter 3.

The model is implemented in SPICE2 [Nag75] for use in circuit

simulation. Comparison of the simulated results of circuit

performance at room temperature and high temperature (T =

300°C) is made to show the temperature-dependent trends of

device characteristics. The simulation of a 5-stage ring

oscillator composed of SOI CMOS gates shows that the

switching delay at 300°C is about twice that at room

temperature

.

Another area in which the advantages of SOI technology

can be exploited is smart power ICs . There are strong demands

for a dielectrically isolated smart-power IC which integrates

the power MOSFET with control circuitry on one chip. The

reason for this is that the SOI chip is latchup free, has

good high-voltage isolation and allows for good circuit

design flexibility [Ohn89, Oha87] because of its near perfect

isolation. In addition, it has a higher resistance to device

degradation because it has a smaller V^f variation and

100
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this is essential for the smart-power IC operation in a

high-temperature environment

.

The simulation of a simple smart-power IC consisting of

a vertical double-diffused MOS (VDMOS) with SOI CMOS

inverters used as the gate drive circuitry is made at T = 27°C

and 300°C. For the power VDMOS MOSFET, an existing subcircuit

model [Sco90] is used. Each component in this model can be

implemented using SPICE2 circuit models. However, for the

simulation of high-temperature operation, parameter values at

these temperatures are needed. Therefore, the temperature

dependences of several parameters of the subcircuit model are

investigated. According to the simulation results of this

simple smart-power IC, the switching delay at T = 300°C is

approximately double that at T = 27°C and the predominant

cause for the increased delay is the reduction in current

drive capability of the gate drive circuit. The power

delivered to the load by the VDMOS is also reduced because of

its own reduced drive capability caused by the decrease of

the channel mobility at high temperature.

4 . 2 CMOS inverter and ring oscillator

Simulations of a SOI CMOS inverter and a 5-stage SOI

CMOS ring oscillator at several temperature are done to

demonstrate the functionality of SOI CMOS at high temperature

and to compare the device characteristics between room and

high temperature. To facilitate the simulation of CMOS

circuitry, the channel mobility of the p-channel SOI MOSFET
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is assumed to be approximately half that of n-channel

devices. The simulated SOI CMOS inverter consists of TFD mode

NMOS and PMOS . The TFD mode devices are chosen because TFD

mode devices have better device characteristic at high

temperature as pointed in Chapter 3 . The simulated voltage

transfer characteristics of the inverter at several

temperatures are shown in Fig. 4.1. It is seen that at room

temperature, the inverter switches state at half the

power-supply voltage, because the two devices are almost

matched. The NMOS has Vif of 1 V, Ngub = 10^'^ cm~^

,

W/L = 10

|lm/5 (im. The PMOS has Vt£ of -1 V, Ngub = 8 x lO^^ cm"3, w/L =

20 |lm/5 |Im. Therefore, both have the same magnitude of V-rf and

almost the same drain current level as can be seen in Fig.

4.2. However, as temperature increases, the switching tends

to occur at larger input voltage. This is caused by the

deviation of the device characteristics at high temperature.

At high temperature the NMOS and PMOS are no longer matched

because of the difference in the threshold voltage as shown

in Table 4.1. The threshold voltages of PMOS and NMOS at room

temperature are -1 V and IV, but these are reduced at high

temperature and the reduction rates are different because of

the difference of body-film doping concentration (see Section

3.3.1) . The rate of temperature variation rate in the

threshold voltage of PMOS is larger than that of NMOS. This

makes the voltage transfer characteristic of the CMOS

inverter become asymmetrical as shown in Fig 4.1. At high

temperatures the magnitude of the threshold voltage of PMOS



103
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"in

Simulated voltage transfer characteristics of a SOI
CMOS inverter at several temperatures. (L/W of NMOS
= 5/10 p,m and L/W of PMOS = 5/20 |lm)

Fig. 4.1
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Table 4 .

1

The simulated values of threshold voltage of NMOS and PMOS
at different temperatures.

Temperature (°C) VTf of NMOS (V) VTf of PMOS (V)

27 1 -1

100 0.945 -0.814

200 0.867 -0.539

300 0.784 -0.249
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Q
1^1 ^ ^ ^ I ^ \ ^ ^ 1

0 1 2 3 4 5

Fig. 4.2 Simulated Id“Vds characteristics of NMOS and PMOS
at T = 27°C which form the SOI CMOS inverter in
Fig. 4.1.
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is smaller than that of NMOS, so the center of the voltage

transfer characteristics in Fig. 4.1 moves right at high

temperatures. The smaller threshold voltage of PMOS at high

temperature makes the drain current become larger than that

of NMOS as shown in Fig. 4.3. As seen in Fig. 4.2, at room

temperature the current is almost the same because PMOS and

NMOS have matched characteristics. On the other hand, the

current of PMOS becomes larger due to the relatively smaller

threshold voltage at high temperature. If the matched

characteristics between NMOS and PMOS is required for the

maximum noise margin of the circuits at high temperature, the

fact mentioned above must be carefully considered. The

switching response of the SOI CMOS inverter having a

capacitor load of same value at T = 27°C and T = 300°C is

shown in Fig. 4.4. At T = 300°C, the switching delay is much

larger due to the reduced current drive capability caused by

the channel mobility degradation as seen in Chapter 3. The

switching delay at T = 300°C is about double that at T = 27°C

as shown in the simulated results of a 5-stage ring

oscillator in Fig. 4.5 and this is in agreement with the

experimental observation by Krull et al. [Kru88]

.

4 . 3 Smart-Power IC

Simulations for the device and circuit characteristics

of smart-power IC which consists of a power VDMOS given in

Fig. 4.6 and SOI CMOS inverters for the gate drive circuitry

have been performed at T = 27 and 300°C. A subcircuit model is
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Fig, 4.3 Simulated Id-Vqs characteristics of NMOS and PMOS
at T = 200°C which form the SOI CMOS inverter in
Fig. 4.1.
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Fig. 4.4 Simulated switching response of a SOI CMOS inverter
in Fig. 4 . 1 at T = 27°C and T = 300°C.
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Fig. 4.5 Simulated oscillation of a 5-stage SOI
oscillator at T = 27°C and T = 300°C.

CMOS
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S G

Fig. 4.6 Cross-section of a power VDMOS cell.
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chosen for the simulation of power VDMOS, each component of

which is represented by SPICE2 models. However, for

simulation at T = 300°C, values of temperature-dependent

parameters must be determined. The temperature dependence of

the channel mobility model parameter, the drain resistance,

and the saturation current of parasitic body-drain diode are

investigated and the parameter values at high temperature are

detemined by following the temperature dependences. Using the

parameter values which are determined from their temperature

dependences, simulations for the VDMOS DC output

characteristics and its reverse recovery response, and the

switching responses of smart power switch have been

performed. All these results show the right trends.

4.3.1 Temperature Dependences of VDMOS Model Parameters

The subcircuit model in Fig. 4.7 [Sch90] is chosen for

the simulation of power VDMOS. Each component of the model

can be represented by SPICE2 models for room temperature

simulation. In the subcircuit model, two PMOS, M2 and M3 with

a voltage source Voffset, sre used for the simulation of the

gate drift region overlap capacitance which is

bias-dependent . Dsub is s parasitic diode in the body-drain

junction. (The source and the body connections are tied.) The

drain resistance is split into Rdi and R(i2 the best

simulation of gate drift region overlap capacitance by M2 and

M3. For simulation at T = 300°C, temperature dependences of

several device parameters are needed.
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Fig, 4.7 VDMOS subcircuit model.
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At high temperatures, surface phonon scattering becomes

the dominant scattering mechanism in the channel mobility as

seen in Chapter 2. The surface phonon scattering-limited

— 1 537mobility has a temperature dependence proportional to T

as seen in Chapter 3. Using this, the temperature dependence

of the SPICE 2 channel mobility parameter }lo is given

The drain resistance Rdi and Rd2 in Fig. 4. 7 is

approximately the sum of the vertical resistance in the bulk

epitaxial region and the JFET on-resistance [SunSOa].

According to the literature [SunSOa] , both the epitaxial

region resistance and the JFET on-resistance are proportional

to epitaxial-layer resistivity p. Here, epitaxial-layer

resistivity p is inversely proportional to epitaxial-layer

bulk mobility. The epilayer bulk electron mobility has a

T-2.42 temperature dependence [Jac77] . Therefore,

Rd(T) oc p(T) oc t^-42
^

Using the relation in (4.2),

(4.1)

Rdx(T) = RdxOOO K) i

V300 K

i2.42

(4.3)

where x = 1 for Rpi or = 2 for Rq2 •
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The increase of intrinsic carrier concentration ni with

increasing temperature causes the threshold voltage of the

VDMOS to decrease, as seen in the SOI MOSFET in Chapter 3.

The temperature-dependent model for ni in Chapter 3, which

has been implemented into SPICE 2, is used.

At the high temperature above 150°C, the diffusion

current in the neutral region at the edge of the depletion

region in the reverse-biased p/n junction [SzeSl] becomes the

dominant leakage current. Therefore, for simulation of

leakage current in the source-drain diode Dsub in Fig. 4.6 the

saturation current of SPICE2 diode model is expressed by

ideal diode current equation as

where A is area of the diode. Dp is diffusivity, and Tr is SRH

generation lifetime. The temperature dependences of Dp and Tr

is given as those in chapter 3.

4.3.2 Simulation Results

The simulations of VDMOS characteristics are performed

using parameters as seen in Table 4.2. Thick gate oxide (tox =

100 nm) is chosen in Table 4.2 due to the large gate bias of

the power VDMOS, and this causes the threshold voltage to

become large . A SOI CMOS inverter used in the gate drive

circuit is consisted of NMOS and PMOS which has thin-film

(4.4)
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Table 4.2

Model parameters of VDMOS subcircuit in Fig. 4.7

Device Parameter when T = 2 7°C when T = 300°C

NMOS L (|lm) 2 2

W (m) 1 1

AD (|Im2) 20 20

PD (m) 2 2

|lo (cm2/v. sec) 600 222

Uexp 0.026 0.026

Nsub (cm"3) 1017 1017

Nss (cm-2) 2.5 X lOll 2.5 X lOll

^GSO (F) 3.45 X 10-10 3.45 X 10-10

PMOS L ()lm) 2.5 2.5

W (m) 1 1

Nsub (cm"3) 1015 1015

Dsub CJO (F) 27 X 10-10 30 X 10-10

PB (V) 0.98 0.72

rgi (Q) 0.05 0.24

rd2 (^) 0.05 0.24

Ls (nH) 7.5 7.5

Ld (nH) 3.5 3.5

Tox (nm) 100 100
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(thickness = 500 A) body, 25nm-thick gate oxide. The NMOS has

L = 5|lm and W = ll|im, and PMOS has L = 5|Xm and W = 20)im.

The simulated VDMOS DC output characteristics at T =

27°C and 300°C are shown in Fig. 4.8. At T = 300°C, the drain

saturation voltages are significantly greater than those at T

= 27°C due to the reduction of threshold voltage Vth* In fact,

Vth at T = 300°C is 1.765 V while it is 3.535 V at T = 27°C.

The degradation of channel mobility at T = 300°C causes the

decrease in the drain current level. Interestingly, at Vgs = 5

V, the current level at T = 300°C is higher than the

counterpart at T = 27°C. This is due to the reduction of V^h

at T = 300°C.

The simple smart power IC to be simulated is shown in

Fig. 4.9 with a resistor load and ten SOI CMOS inverters as

the gate drive circuit. The simulated turn-on and turn-off

switching responses of the circuit at T = 27°C and 300°C are

shown in Fig. 4.10 and 4.11. The simulated switching

waveforms at several nodes have typical shapes as can be seen

in the textbook, for example, [Gra89] . In the turn-on

transients, there is no change in V^s until Vqs reaches Vth*

Once Vgs becomes equal to Vth^ Vqs starts to decrease down to

Vds (ON) and I^s starts to increase to Ids (ON) • However, Vgs

changes little because most of the gate current flows through

the gate-drain overlap capacitance which is magnified by the

Miller effect. After Vds settles down to Vds (ON) / Vgs begins to

increase again. A larger switching delay occurs at T = 300°C.

This is due to the reduced current drive capability of SOI
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Fig. 4,8 Id vs Vds characteristic of a VDMOS simulated by
SPICE 2 using the subcircuit model in Fig. 4.7 with
parameters in Table 4 . 2 at T = 27°C and T = 300°C.
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o

10 SOI CMOS
INVERTERS

A transient response test circuit of a VDMOS
switch with a resistive load and 10 SOI
inverters as a gate drive circuit . Rioad is

at T = 27°C and is 17.7 Qat T = 300°C.

power
CMOS

3.7 Q

Fig. 4.9
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Fig. 4.10 Simulated transient response of the smart
switch in Fig. 4.9 at T = 27°C.

power
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Fig. 4.11 Simulated transient response of the smart
switch in Fig. 4.9 at T = 300°C.

power
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CMOS inverters at T = 300°C caused by the degradation of

channel mobility. The current level which can be delivered to

the load by the power switch in the on-state is reduced at T

= 300°C. (See Fig. 4.10 and 4.11.)

Reverse recovery problems of the parasitic source-drain

diode Dsub n^ay arise when using power MOSFETs in multiple

transistor configurations. The simulated reverse recovery

response of the source-drain diode of VDMOS at T = 27°C and

300°C is shown in Fig. 4.12. A slightly better response is

obtained at T = 300°C because of the reduced drain current.

4 . 4 Summary

Simulation of a SOI CMOS inverter has been performed and

demonstrates that SOI CMOS inverter functions well at 300°C.

However, the switching delay of the inverter at 300°C is about

twice that at room temperature as shown in the simulated ring

oscillator operation. This is due to the reduced current

drive capability caused by the channel mobility degradation

at 300°C. Unequal reduction in threshold voltage of PMOS and

NMOS at high temperature due to the difference in body-film

doping concentration causes the voltage transfer

characteristic of CMOS inverter to become asymmetrical, even

if it is symmetrical at room temperature. This unequal

reduction in threshold voltage causes the current level of

NMOS and PMOS to become somewhat different at high

temperatures, although they are almost identical at room

temperature. For the maximum noise margin of the circuits at
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Fig. 4.12 Simulated reverse recovery response of

source-drain diode of VDMOS at T = 27°C and 300°
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high temperature, these fact must be carefully considered in

circuit design.

A simple smart power integrated circuit has been

simulated at T = 27°C and T = 300°C. The logic and control

circuit consists of the SOI CMOS inverters which drive the

gate of a VDMOS power switch. For the simulation of VDMOS, an

existing subcircuit model is used
.

j^However ,
for simulations

at T = 300°C, the temperature dependences of several

parameters of the subcircuit model has been investigated.

From SPICE 2 simulations, it is shown that the smart power

circuit is functional at T = 300°C, however, the switching

delay of the circuit at 300°C is double that at 27°C because

of the reduced current drive capability of the SOI CMOS

inverters^ The power delivered to the load by the VDMOS has

also decreased, but the reverse recovery characteristic of

the parasitic body-drain diode is comparable.



CHAPTER 5

CONCLUSION AND SUGGESTIONS FOR FUTURE WORK

In this dissertation, a new model for the temperature

dependence of the SOI MOSFET for high applications has been

developed which, in a physical approach, accounts for the

reduction in threshold voltage, the increase of leakage

current, channel mobility degradation, and the reduction in

the kink effect in the Id~Vds characteristics. A physically

based channel mobility model which covers a wide temperature

range (77K-573K) is also developed which considers the effect

of three dominant scattering mechanisms in the carrier

transport in the MOSFET channel. These models are implemented

in SPICE2

.

^Through simulations of devices and circuits and

comparisons with measurements, the models have been

demonstrated to be useful tools for device and circuit

design^ Simulation for high temperature operation of a smart

power -JC which uses SOI CMOS inverters as gate drive circuit

has been successfully performed. The smart power IC is

another area in which the advantages of SOI technology can be

exploited.

There are several points where further investigations

can be quested. In Chapter 2, only electron channel mobility

is developed. For the accurate simulation of CMOS circuitry,

the development of temperature-dependent channel mobility for

hole can be targeted for future work.
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In Chapter 3, recombination lifetime is determined by

direct comparison between the simulated lD~VGfs measured

lo-Vefs in semilog scale. Instead of this method, the direct

determination of recombination lifetime can be pursued

through measurements.

Due to lack of subthreshold model, the accurate

simulation of leakage current and subthreshold slope can't

be accomplished. Development of a subthreshold model is

highly recommended for the accurate estimation of leakage

current

.

The simulation of smart power IC is attempted in Chapter

4. The use of SOI MOSFET in the smart power IC is a new

application area for SOI technology. The smart power IC which

is used at high temperatures needs a circuit simulation tool.

Therefore, the temperature-dependent model for a power MOSFET

needs to be developed for the circuit and device design.

In addition, the physical nature of the models can be

utilized to improve existing device structures.



APPENDIX A
DERIVATION OF Wi (y)

The rate of thermal generation of electron-hole pairs by

SRH theory in the space charge region of reverse biased p-n

junction is specially constant and at its maximum in the

region Wi where p and n « ni and drops to negligible values

outside of the region as soon as the condition p and n « nf

is not fulfilled [Cal72] . The region Wi is usually

considerably smaller than Wscr because in Wscr/ P n «
INd - NaI and INp - NaI is greater than ni by several orders.

According to Calzolari et al . [Cal72], Wi for strongly

asymmetrical p-n junction like the source-body or body-drain

junction of NMOS is

£s kT

V q2 N;, (A.l)

where V is the applied reverse bias. We are going to find a

region like Wi in the depletion region under the front gate

oxide of the thin-film SOI MOSFET and of the thick-film SOI

MOSFET which is also applicable for bulk MOSFET.

Wj^_LyJ for the depletion region of thick-film SOI or bulk

MOSFET
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Using depletion approximation in Poisson's equation, we

can find an expression for potential in the depletion

region, (j) (x) , [BreSl]

0(x) - - f-f,
0 <x< X,

where (])(xd) is assumed to be zero. At a point x in the

depletion region (see Fig. A.l)

n (x) Hi
- Ej(x)

kT (A. 3)

P(x) = n^ exp
Ej(x) -

kT (A. 4)

where it is assumed that Efn and Efp are flat, that is, are

not functions of x. By (A. 3) if Ei (x) > Efn then n (x) « nf,

and by (A. 4) if Efp > Ei(x),then p(x) « nf. From Fig. A.l,

when <t>(x) = then Efp = Ef (x) and when (])(x) =
(t)B + Vy(y),

then Efn = Ei(x)
.
Therefore, in the range of x where <1)b ^

(])(x) <
(|)B + Vy(y), p (x) and n(x) « nf

.

By rearranging (A. 2)

for X, and defining Wf (y)

Wi(y) = X2(y) - xi(y)

/ (|)b + Vy(y)

V

= Xd(y)
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Fig. A,1 Diagrams for energy band and electric potential in

a thick-film n-channel MOSFET at a point y along
the channel. The x-direction is the direction from
the surface into the body film.



129

= Xd(y)
V<1)b + Vy(y) -

(A. 5)

where X2 (y) is a point in the depletion region where ())(x2) =

(j)B and XI (y) is a point in the depletion region where <t>(xi) =

<t)B + Vy(y) . At the drain end of the channel where Vy(L) =

-Vbd,

n /T \
V(t>B “ Vbd “

(A. 6)

Likewise at the source end of the channel where Vy(0) = -Vbs,

Wi(0)
^BS

(A. 7)

When Vbs - Of then Wi (0) > 0. When Vbs > 0, Wi (y) = 0 where

Vy(y) = (|)B .
However, the point y where Vy(y) = (t)B and Wi(y) =

0 is not easily found because Vy(y) is a complicated function

of y, so we assume Wi(0) = 0,for simplicity.

Wj_(y) for thin-film SOI MOSFET

Integration of Poisson's equation across the fully

depleted body film yields the following expression for the

potential in the film body [Lim83]

<l)(x) = \|/sf -Esf X x2
2 £s (A. 8)
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where Esf is given by (3.13). By rearranging (A. 9) for

x2 -Esf X + \J/sf
- (t)(x) = 0

2 6s

and solving the above quadratic equation.

X
Esf - J Esf^- (\l/sf

- (t)(^

qNft

£s

0 < X < tb

Then, using the definition of Wi (y) in (A. 6) (see Fig.

Wi (y) = X2 (y) - xi (y)

Esf - y Esf2-

qN^

£s

£s

- Vy(y)) - y Esf^- (Vsf

(A. 11)

X,

(A. 9)

(A. 10)

A. 2) ,

At the drain end of the channel where Vy(L) = -Vbd
.

,
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Fig. A. 2 Diagrams for energy band and electric potential in

a thin-film n-channel SOI MOSFET at a point y along
the channel. The x-direction is the direction from
the surface into the body film.
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Wi(L)=-^ J eJ- (\|/3f
-

(])b
- Vbd) - J Esf"- (\|/sf

-

qNft L V Es V Es

. (A. 12)

And at the source end of the channel where Vy(0) = -Vbs,

Wi(0)=-
Es

qNA

(A. 13)

Y Esf"- (\|/sf
-

(t>B
- Vbs) " ^Esf"- (Vsf

Es

When Vbs ^ 0, Wi(0) > 0, when Vbs > 0^ we assume Wi (0) =

using the same reasoning as in the end of previous Section.



APPENDIX B
IMPLEMENTATION OF CHANNEL MOBILITY MODEL INTO SPICE2

The models presented in Chapter 2 and 3 except for

channel mobility model are straightforwardly implemented into

SPICE2 by replacing the existing models or parameters.

Channel mobility model cannot be directly implemented into

SPICE2. Channel mobility model is used in the derivation of

drain current equation in the existing thin-film SOI MOSFET

model of room temperature operation [Vee88] . In the existing

model [Vee88], the channel current in the triode region is

given

Ids ~
W |leff (q^f(O) - Q^f(L))

2 Cof (l + a) L 1 +
M«f f

2 V
V,DS

sat (B.l)

where Qcf(O), Qcf(L) is inversion layer carrier at source end

or drain end, and M-eff is spatially independent mobility model

and is defined [Vee88],

1 - fe B Yds (B.2)

where |I, (1)b, B are parameters for mobility model used in the

existing model. M-eff in (B.2) is intended to be used at a

specific temperature. Therefore, the temperature-dependent
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channel mobility model presented in chapter 2 should replace

M-eff in (B.2) for temperature dependent operation. M-eff is an

average of channel mobility along the channel, so it should

be replaced by average of channel mobility which is

determined by the temperature-dependent model. The average of

channel mobility is given by

Qcf (y) M-eff (y)

SQcf(y) (B 3)

where Qcf(y) is inversion layer carrier at a point y along the

channel and fleff(y) is a channel mobility in a point y along

the channel which is determined by the temperature-dependent

model. Now (M-eff) in (B.3) replaces Meff in (B.l) . Note M i^i

(B.2) is Meff when Yds = 0. Therefore it can be replaced by

Meff St source end.

(Meff)
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